ABSTRACT Remotely sensed images of the ocean are a useful tool for revealing wave direction information in the spatial domain. Considering wave inhomogeneities in a coastal area, this paper addresses issues concerning the analysis of local wave directions using a simultaneous time series of X-band radar echo intensities. The method employed to analyze the directional wave information in our paper is based on a cross-spectral analysis of radar echo intensity time series from several neighboring locations constituting a spatial array within a small area. Compared with simultaneous sea surface elevation records, which have demonstrated their efficacy for estimating directional wave information, the spatial wave features present in radar image sequences are more sensitive to environmental factors and image noise. To confirm the practicality of this approach, we examined the relationship between the wave directions estimated from the X-band radar and moored buoy data. Most mean wave directions and dominant wave directions estimated from the radar images are consistent with the buoy results. In most cases, the differences between the radar and buoy wave directions are within ±30 • . We also present a radar image case with an obvious refracted wave pattern. The results estimated from this image case demonstrate the feasibility of determining the spatial pattern of wave directions from a highly inhomogeneous wave field.
I. INTRODUCTION
The wave direction is one of the most important parameters to quantify when examining the physical characteristics of ocean surface waves. Some studies have shown that the probability of the formation of large-amplitude waves strongly depends on the directional properties of waves [1] . The wave energy travels in the same direction as the wave if currentinduced refraction is neglected. As waves approach the shoreline, both the wave energy and the momentum are conveyed in the wave direction. Wave direction data are also necessary to predict the responses of ships to sea conditions as the spectra of their motions are obtained from directional wave spectra. In summary, wave direction data constitute necessary inputs for the correct design of solutions to various ocean and coastal engineering problems.
In situ wave gauges and moored buoys are frequently used to measure the directional spreading of wave energy by analyzing the directional wave spectrum. After estimating the cross-spectra among different wave sensors, the directional spectrum is determined by inverting the relationship between the cross-spectra and the directional spectrum. To obtain complete directional information, a wave sensor array, which comprises 3 to 10 wave gauges, is typically necessary [2] . In theory, the presence of additional wave gauges permits more complete wave directional information to be acquired. However, more wave gauges mean higher costs and difficulties with observation.
Most in situ wave measurement techniques are designed to record ocean wave information in the time domain; it is not as easy to collect wave information in the space domain from a small amount of in situ measurement instruments. An ocean wave field obtained by remote sensing techniques is a useful way to present wave features in the space domain. Due to the modulation of backscattered microwave power by long ocean waves through Bragg-scattering waves as well as the effects of shadowing by the wave crest [3] , [4] , the spatial ocean wave pattern is present in images from many different frequency bands of electromagnetic waves.
Given the continuous development of remote sensing platforms, many different types of ocean remotely sensed images are capable of presenting wave patterns. Satellitebased remote sensing instruments provide a large-scale view of wave patterns in the spatial domain. Compared with remote sensing by aircraft or satellites, the advantage of land-based radar technology lies in its ability to continuously monitor wave patterns. Nautical X-band radar, which is normally used to detect the coastline and obstacles on the sea surface on board a ship, is currently one of the most popular tools for ocean remote sensing. Different studies have confirmed a mechanism for imaging sea surface wind waves patterns by means of X-band radar [6] . Based on the principle of sea surface wave imaging, the feasibility of ocean wave observation has also been demonstrated [7] . Although the observation area of land-based X-band radar is smaller than those of satellites or aircraft, continuous measurements using landbased radar provide spatiotemporal information on ocean waves that avoids ambiguity in estimating wave propagation directions [8] . Additionally, ocean wave imaging from a fixed radar station is free of the velocity bunching mechanism that smears out the wave pattern when the airborne flight direction is parallel to the wave direction [9] .
To reveal wave features from ocean remotely sensed images, different methods have been proposed to analyze the image spectrum. Some studies have comprehensively reviewed recent studies of ocean information extraction from X-band radar images [10] . The Fourier transform algorithm, which is one of the most commonly used methods for identifying periodic components in stationary data, has often been applied in the past to calculate the image spectrum [5] . Accordingly, some studies have demonstrated the feasibility of estimating the wave direction from X-band radar images based on the Fourier transform algorithm [11] . However, spatial inhomogeneity must be treated carefully when investigating waves near the shore. For a wave traveling over irregular bottom depths, the change in the wave speed along the wave crest implies that the wave changes direction locally. Consequently, for three-dimensional image spectrum analysis using the Fourier transform algorithm, the assumptions of homogeneity within the analyzed spatial area and temporal stationarity within the analyzed duration are necessary. Because the duration of each radar image sequence in our study is approximately 183 s, wave features within this short duration can be regarded as stationary. However, a homogeneous wave field in the coastal area is nearly impossible due to the influence of the shallow water topography. To overcome the issues associated with an inhomogeneous wave field, some studies determined the spatial maps of local wavenumber vectors using the phase of complex-valued one-component images [12] . In contrast to the majority of studies, which analyzed whole radar images in the first step, our study tried to determine the local wave information from the image intensities of only several pixels within a local area. Some studies noted that radar data from a local area reduce inhomogeneous effects due to small grazing angle shadowing. Once the shadow effect is suppressed, there is no need to use a modulation transfer function to amend the directional spectrum [13] . Some studies have further shown that in situ sensor arrays are capable of providing the local directional spectrum [14] , and the degree of directional resolution depends on the number of sensors and their spacing. However, measurements of the wave directionality using in situ senor arrays are laborious and costly. Radar image sequences provide a potential and inexpensive approach to estimate the spatial pattern of wave directions within a sea area of several square kilometers. We are able to treat sea surface image sequences that have a size of M × N pixels in the spatial domain and T samples in the time domain as an array with M × N sensors that records T samples simultaneously. However, marine radar systems record the echo intensity from the sea surface rather than recording the actual water displacement. Although radar echoes do not exactly represent the sea surface elevation profile, the qualitative features of the ocean wave steepness are present in radar images due to tilt modulation. Phase information of longer ocean waves in the spatial domain may also be roughly estimated due to the shadowing effect of radar imaging. In summary, marine radar image sequences may be a useful tool for revealing local wave directions from highly inhomogeneous wave fields. However, this issue has received little attention. Therefore, this study attempted to confirm the feasibility of estimating local wave directional features from sea surface radar image sequences using a method that was applied to data from an in situ sensor array. In the subsequent sections, we will demonstrate the entire image processing procedure and discuss its practicability using coastal radar images.
II. THEORETICAL PRELIMINARIES
Tracking wave crest signatures on a spatial sea surface image is the most direct way to estimate the wave direction. Some studies have estimated the wave direction by extracting linear wave crest signatures from video images under the assumption that the wave direction is perpendicular to elongated wave crests [15] . However, clear and sufficiently long wave crest signatures in the image are necessary for image processing. Radar imaging mechanisms are related to many different dependencies and modulations [11] , and clear and long wave crest signatures are not always available for all radar images.
Other studies have estimated the two-dimensional wavenumber spectrum from a single spatial image using the discrete Fourier transform algorithm and determined the wave direction θ based on the relationship between the wavenumbers along the x and y directions (k x and k y , respectively):
To avoid ambiguity in the wave propagation direction, successive images were analyzed by the Fourier transform method [8] . Whether single images or image sequences are used, the assumption of spatial homogeneity within the spatial domain is necessary. It is feasible to apply some theories, e.g., the wavelet transform theory, to analyze local wave information from the inhomogeneous wave field. However, local wave information results from the wavelet transform method are still limited by the mother wavelet function, image size and spatial resolution [16] . In contrast to methods used to estimate the image spectrum from full frame images, methods for analyzing the directional spectrum from in situ sensor array records focus only on the wave features within a local area. Most in situ directional wave measurements consist of a time series of various wave kinematical quantities, e.g., surface elevation, water velocity, surface slope, and dynamic pressure [17] . Cross-spectra are estimated between the simultaneous wave records from different in situ sensors. To estimate ocean wavenumbers, some studies developed methods based on the cross-spectral correlations between different intensity time series from a subset of image pixels [18] , [19] . The wave direction can be estimated by wavenumbers using (1) directly. The method to analyze directional wave information in our study is also based on cross-spectral analysis. The directional wave spectrum, which presents directional features of different wave components, is estimated based on the known mathematical relationship between the directional spectrum and the crossspectra. Notably, the radar echo intensity of the sea surface is not the sea surface elevation; the relationship between them is nonlinear. Until now, there has been no deterministic model that describes the complete quantitative relationship between the radar echo intensity and sea surface elevation. However, the radar echo intensity is increased near the wave crest based on the radar imaging mechanisms of tilt, hydrodynamic and orbital modulations. Low echo intensities are related to the wave trough based on the imaging mechanism of the shadowing modulation. Due to the joint effects of the low grazing observational angle of land-based radar and the hydrodynamic modulation of ocean waves, high radar returns appear at the front faces of traveling waves instead of the crests of ocean waves. From a geometric perspective, the distances between the real wave crest and high echo signatures on radar images should be close within a small spatial area. In other words, the shapes of cross-spectra analyzed from spatiotemporal radar data should be similar to the shapes of cross-spectra analyzed from simultaneous and co-located in situ data. To analyze the directional wave features from radar image sequences, we attempt to use a radar echo intensity time series from several neighboring locations as a spatial array within a small area. However, in addition to sea surface waves, other environmental factors also influence the radar images. Filtering is required because of the nonlinearity of radar images of the sea surface waves [12] . To avoid the influence of noise on the estimation of wave direction, a filter based on the linear wave dispersion relation was applied to process all the radar images in our study.
A directional spectrum provides the distribution of the radar echo intensity variance as a function of both the angular frequency f and the direction θ. The directional spectrum I (f , θ) is written as:
where I (f ) is the frequency spectrum of the radar echo intensity, and D (f , θ) is the directional distribution. The directional spectrum is estimated if the wave properties are simultaneously recorded for a large number of samples. As shown in [20] , the general relationship between the crossspectrum mn (f ) for a pair of wave properties and the directional spectrum I (f , θ) is expressed as:
where mn (f ) is the cross-spectrum between the m-and n-th records, k is the wavenumber, x m and x n are the respective location vectors (x m , y m ) and (x n , y n ) inside the image pixel array for the m-and n-th records, * is the conjugate complex, and H m (f , θ) is the transfer function from the water surface elevation to the m-th wave property. Until now, no theoretical transfer function between the water surface elevation and radar echo intensity has been developed. As discussed above, the shapes of spectra analyzed from radar data should be similar to the spectral shapes analyzed from in situ data. However, the energy density of radar cross-spectra is not equal to the wave energy. Given that we focus only on the issue of wave direction estimation, the values of both H m (f , θ) and H n (f , θ) are set as 1 in this study. Theoretically, Equation (3) determines the directional spectrum if the cross-power spectra are known for an infinite number of pairs of corresponding location-dependent m and n values. Considering the practical application of radar data, only a limited number of wave properties are measured at a limited number of locations within a small sea area. To determine the directional spectrum from a limited number of wave properties, a specialized formulation is introduced to obtain a unique function representing the directional spectrum. Certain higher-resolution techniques, such as maximum entropy methods (MEM) and maximum likelihood methods (MLM), have been developed to estimate the directional spectrum from spatial array data [21] . However, the conventional estimation method, which is based on the direct Fourier transform method (DFTM) expansion, is still widely used due to its stability and simplicity. Because the aim of this study is to confirm the feasibility of local wave direction estimation using spatial array echo intensity data rather than discussing which method is the best, we estimate local wave information from radar image sequences using only the DFTM method:
The wave direction θ can be estimated by the wavenumber k using (1) directly. The wavenumber k is related to the angular frequency ω by the dispersion relation that includes the influences of the water depth d and sea surface current u:
III. DATA SOURCE
The radar image cases in this study were collected from the coastal areas throughout a southern region of Taiwan. Approximately 1,000 image cases were used. Table 1 shows the properties of our radar equipment. The marine radar is horizontally polarized. The radar device is equipped with a 42-rpm antenna, which yields an image sequence sampling rate of 0.7 Hz. We collected 128 continuous radar image sequences over a spatial range of 3,750 m with a grid size of 7.5 m ( x = y = 7.5 m). This means that the nearest distance between two records of radar echo intensity is 7.5 m. The system stores the logarithmically amplified radar backscatter information at a 12-bit image depth. Fig. 1 shows the sea area of this experiment. Wave data that are measured by an in situ moored buoy are used for comparison to confirm the wave direction results estimated from the radar image sequences. Some studies have proposed different types of pixel position patterns [22] . Because the radar image pixels we used constitute an equally spaced grid, the selected pixels are adopted as a planar uniform pattern. To estimate the wave directions from radar data, we adopt a simple and regular image pixel array. Radar echo intensity records from different image pixels are used to analyze the cross-spectra with each other. Fig. 2 shows the locations of selected echo intensity records. Although this type of planar uniform pattern may not be optimal, it is easy and convenient for analyzing radar data. Because simultaneous radar echo intensity records from a small number of image pixels are used in this study, the wave direction estimation results are influenced by the distances between different selected pixels. To avoid signal aliasing in the spatial domain, the distances between selected pixels should be less than one-half of the wavelength. However, the directional resolution of the directional spectrum increases as the maximum distance between selected pixels increases [23] . The distance between each pair of two selected pixels is set as 15 m. This distance is approximately half of the 4.5-s period waves that occur frequently in our study site. Fig. 3 shows one case of a radar image. This wave image, which forms due to the different modulations discussed above, is not equal to the real spatial wave field. However, wave direction features are present in wave patterns in the image. For this reason, some studies have revealed directional wave features using X-band radar images [24] .
Before estimating the directional spectrum from radar signals, we separated the wave signal from the noise in the complex spectrum using the dispersion filter. The circles in Fig. 4 show the radar energy densities in the spectral domain. The theoretical dispersion relation is also shown by the three-dimensional contours in Fig. 4 as well. Fig. 4 shows that the energy densities in the lower and higher angular frequency bins deviate from the linear wave dispersion relation. The energy density that deviates from the linear wave dispersion relation is regarded as noise. After filtering out the noise in the spectral domain, we obtained the filtered image sequences by the inverse Fourier transform of the complex spectrum. 5 shows the time series of the radar echo intensity before and after filtering. Although most of the radar echo intensity amplitudes decrease after filtering, the filtered waveforms within the time series are more symmetrical than the unfiltered waveforms. To obtain reliable directional wave features, all of our radar image cases are processed using dispersion filtering.
IV. COMPARISON OF THE WAVE DIRECTIONS ESTIMATED FROM RADAR AND BUOY RECORDS
The wave data obtained by the in situ buoy are used to verify the directional results from radar images. We also applied the DFTM to estimate the directional spectrum from the moored buoy data. Unlike the radar echo intensity, the analyzed data from the buoy are composed of wave accelerations, east-west wave slopes, and north-south wave slopes. The sampling rate of these buoy records is 2 Hz. For each case, the duration of data acquisition is 10 minutes, indicating that 1,200 data points will be recorded in each hour. To apply the DFTM to our study, we selected the first 1,024 data points from each case for further analysis. 
FIGURE 6.
One case of the directional spectra estimated from (a) buoy data, (b) radar pixel array data before filtering, and (c) radar pixel array data after filtering. Compared with the spectrum of (b), the directional spectrum from filtered radar signals is more consistent with the directional spectrum from buoy data. The wave height for this case is approximately 1.5 m. Fig. 6 shows one case consisting of the directional spectra estimated from buoy and radar data. The spectrum of radar data is estimated from the radar echo intensities of one pixel array whose central pixel is at the same location as the moored buoy. The estimated directional spectrum from unfiltered radar signals shows obvious noise at different frequencies and directions. The directional spectrum from the filtered radar signals is more consistent with the directional spectrum from the buoy data. The energy densities from the filtered radar and buoy spectra focus on similar directional bins. However, the features of spectral shapes, e.g., directional spreading, from the radar and buoy results are different. Directional spreading is expressed as [25] :
whereθ is taken relative to the mean wave directionθ, and D θ is the function of the directional 45766 VOLUME 6, 2018 FIGURE 7. Directional spreading at the peak frequency estimated from the radar and buoy directional spectra. Most of the directional spreading values estimated from radar data are lower than the buoy results. Fig. 7 shows a comparison of the directional spreading results σθ f p at the peak frequency f p estimated from the radar and buoy directional spectra. Most of the differences between the radar and buoy results are within 30 • . As mentioned above, the radar echo intensities from the image sequences are used to estimate the directional spectrum in this study. Imaged wave patterns exhibit different dependences and modulations. Although a dispersion filter is applied to improve the quality of the directional spectra, wave patterns imaged from radar echo intensities still do not absolutely represent real waves. We also notice that the differences in the estimated directional spreading can exceed 60 • in a few of the cases. Fig. 7 shows the relationship between the wind conditions and the directional spreading results. The wind data are measured by an anemometer on the moored buoy. Our in situ wind speed data are classified according to the Beaufort scale. In theory, the poor directional spreading results should be caused by low wind conditions, which cannot induce a rough sea surface. Furthermore, radar backscattering by the rough sea surface at low grazing angles is a key radar imaging mechanism. However, Fig. 7 shows a weak relationship between the poor directional spreading results and low wind conditions. Because our study site is close to an ocean bay, complicated landforms influence the wind conditions. This influence is likely responsible for the lack of a clear relationship between the wind conditions and the directional spreading accuracy. Additionally, the difference between the radar azimuth and wave direction is a significant factor influencing the estimation of directional spreading. Some studies demonstrated that the wave parameters estimated from marine radar images exhibit a strong dependency on both the range and the azimuth of the observations; they also presented evidence demonstrating that the signal-tonoise ratio (SNR) in the radar image spectrum is influenced by the radar range and azimuth [26] . Fig. 7 illustrates that the poor directional spreading estimates are obviously related to a lower SNR, which is determined by separating the different spectral components before implementing the dispersion filter [7] . A low SNR represents weak wave signals from sea surface images. A directional spectrum estimated from radar images with weak wave signals cannot produce accurate directional spreading results.
We further investigated the quality of the estimated directional results based on the parameter S θ , which is the standard deviation of θ (f i ):
where θ p is the most energetic direction of the directional distribution in the frequency bin f i from the directional spectrum. For spectra with a narrow energy density distribution, the representation of the wave direction is clearer than that for spectra with a wide energy density distribution. Because the main energy densities of narrow directional spectra are concentrated within small ranges of frequency and directional domains, the value of S θ is smaller. In contrast, a high value of S θ corresponds to a scattered energy density distribution. As shown in Fig. 8 , the cases of higher values of S θ also feature lower SNR values. Thus, the scattered energy density distributions of directional spectra are from the radar image cases with low SNR values. We can confirm that the unstable results of directional information are from the cases of weak wave signals.
The wave directions estimated from radar data are more stable than the results estimated from directional spreading data. Fig. 9 shows the differences in the wave directions VOLUME 6, 2018 estimated from radar and buoy data. Different statistical descriptions of wave directions are obtained from the directional spectra. The two most well-known directional statistics, the dominant wave direction and mean wave direction, are discussed in our study. The definition of the mean wave direction is expressed in (7) . In most cases, the differences between the radar-and buoy-derived mean wave directions are within ±30 • . The dominant wave direction is defined as the direction of the most energetic wave in the spectrum according to the World Meteorological Organization. The comparison of the dominant wave directions is similar to that of the mean wave directions. Fig. 9 also shows the influences of the SNR on the estimated wave direction results. From the cases with a lower SNR, more inaccurate wave direction estimations are revealed. Thus, the quality of the estimated wave directions from radar data can be confirmed using the SNR from the directional spectrum. Fig. 9 presents the estimated wave direction results from the whole frequency domain. We further discuss the estimated wave directions from different wave frequency components in Fig. 10 . Given various sampling rates and data lengths, the frequency bins of the spectra from the radar and buoy data are different. For the comparison in Fig. 10 , the frequency bins are determined based on the radar spectrum. The frequency bins from the buoy are changed to the radar frequency bins using nearest neighbor interpolation. Fig. 10 shows that the differences between the dominant wave directions estimated from radar and buoy data are obvious at lower and higher frequency bins. Most of the dominant wave directions from radar and buoy data are close within the frequency range of [0.099, 0.211] Hz. Because the waves follow the buoy, the buoy cannot sense the slopes of waves whose wavelengths are less than twice the diameter of the buoy. The diameter of the buoy used in this study is 2.5 m. Thus, the buoy measures waves that are larger than at least 5 m in length. According to the wave dispersion relation, 5-m waves are equal to a 1.8-s period in deep water. As discussed above, the distance of Fig. 9 . Differences between estimated dominant wave directions from radar and buoy data are obvious at lower and higher frequency bins.
the radar pixel array is 15 m, which is roughly one-half of the 4.5-s period waves. As a result, waves that are shorter than 4.5 s and whose wave frequencies are larger than 0.22 Hz should be aliased after being sampling by the pixel array. Conversely, the accuracies of the estimated wave directions from radar data are also influenced by longer waves. As discussed above, the wave patterns on the radar image are related to different modulations and shadowing effects. For longer wave patterns, the shadowed area should be larger for a low grazing angle of observation. Based on the definition of geometric shadowing, the signal received from the shadowed area is at or close to the noise level. If the distance between the selected pixels is less than the length of the shadowed area, the cross-spectrum estimated among the time series from different image pixels does not effectively represent the characteristics of real ocean waves. As a result, the estimate of the directional spectrum is often biased by noises and errors associated with cross-power spectra. Although we separated the wave signals from the noise using the dispersion filter, inaccurate wave direction estimates from shorter and longer waves remain unavoidable. In summary, the dominant wave directions estimated from the specified frequencies of radar directional spectra demonstrate better agreement with the buoy results at the frequency bins within [0.099, 0.211] Hz, which is approximately equal to a period of 5-10 s.
Additionally, the maximal tidal range is approximately 1.5 m in our study area. As shown in (5), the wave number estimation is based on the wave dispersion relation. The influence of the tide changes with the water depth continuously. This affects the estimation of the spectrum, especially at low-frequency bins. Moreover, sea surface currents affect the estimation of the spectrum obviously at high-frequency bins. The current speeds in our study site are mostly less than 0.3 m/s. Because simultaneous current data are often unavailable, we ignore their influences in (5) . As a result, the accuracies of our estimated directional spectra at higher and lower frequency bins are affected due to the lack of simultaneous tide and current data.
V. CASE STUDY OF A SIGNIFICANT INHOMOGENEOUS WAVE FIELD
After confirming the wave direction relationship between radar and buoy records, we focus on local wave direction estimation in the spatial domain. A radar image case presenting highly inhomogeneous wave patterns is shown in Fig. 11 . Note that the location of this radar image is not the same as the case shown in Fig. 3 . For the radar image case in Fig. 11 , a typhoon was located to the south in our radar observation area. Longer waves induced by the typhoon propagated roughly from the southeastern corner of the radar observation area to the northwestern corner. However, waves were refracted due to the shallow water area near the shore. As a result, the patterns of long crested waves are curved. As discussed above, the directional spreading results estimated from the radar image pixel array data are not stable. Here, we present only the wave direction results.
Based on the wave patterns in Fig. 11 , waves from different frequency components are combined together. To show the wave patterns clearly, we decompose the original wave image signals into different mono-component signals. Image decomposition methods based on the Fourier transform method and its inverse transform in the time domain were implemented in our study [27] , [28] . The image in Fig. 12 shows the decomposed wave patterns. According to the wave dispersion relation, longer period waves are more sensitive to the sea bed and are refracted due to the change in water depth. Patterns of 8-s-period waves are presented in Fig. 12 . Based on the results in Fig. 10 , the wave direction estimation with 8-s waves using the radar data is reliable. Because a clear wave pattern on the radar image is the key to accurately estimating the wave direction, we filtered out the echo intensities with very unclear patterns before the wave estimation. To define unclear wave patterns, the SNR at different locations within the image is evaluated:
where R SN (x, y) is the SNR, F (x, y, f ) is the frequency spectrum of the radar echo intensity at the location (x, y), f s denotes the frequency bins of wind-generated waves that are defined within 1-0.03 Hz, and f n are the frequency bins that are outside of the frequency range of wind-generated waves. For our image case, we filter out the echo intensity at location (x, y), whose R SN (x, y) is less than 15% of the maximal R SN (x, y) within the whole spatial domain. As shown in Fig. 12 , most of the unclear wave patterns that are far from the radar antenna have been filtered out. The arrows in Fig. 12 represent the estimated dominant wave directions within the radar observation area. Some basic features of the wave propagation into the shore are visible. The directions of the arrows are almost perpendicular to the wave crest patterns. Most of the local wave directions are southeast-northwest. However, the local wave directions close to the radar antenna are obviously different. South and southeast wave directions are frequently presented in the sea area close to the radar antenna. However, a few unreasonable wave direction results are identified based on the neighboring wave directions. These unreasonable wave direction results are located in areas of slightly unclear wave patterns, which were not filtered out from Fig. 12 . Fig. 13 shows a histogram of the estimated wave direction results from Fig. 12 . Although most of the wave directions are approximately 130 • , some directions that lie far outside this range cannot be ignored. Our results show that the nearshore wave directions are much different than the offshore wave directions. For inhomogeneous wave cases, a single wave direction is unable to represent real wave features.
VI. CONCLUSIONS
The issue of wave direction has received less attention in previous studies than the wave height and wave period. However, the significance of the wave direction for different applications in the ocean environment, such as sailing safety, engineering design, disaster prevention and coastal management, must not be ignored.
Many previous studies have demonstrated the advantages of ocean remotely sensed images as a tool to reveal wave direction information in the space domain. Most of these studies focused on homogeneous wave direction analysis from the image spectrum, and only one representative direction was obtained from the whole image; however, this technique is inappropriate for an inhomogeneous wave field, which is a common occurrence in the coastal ocean. Spatiotemporal wave records are the most common data with which to estimate the local characteristics of directional surface waves. An analysis of the simultaneous records of sea surface echo intensities from a selected radar image pixel array is proposed to reveal the inhomogeneous wave directions. Wave data observed by an in situ buoy are used to verify the directional results from radar images. Most mean wave directions and dominant wave directions estimated from the radar data are consistent with the buoy results. Radar images present patterns of energetic components of ocean waves. For too-high and too-low ocean wave components, the radar is unable to image them effectively. This is attributable to the effects of radar imaging modulations. For longer wave patterns, the shadowed area affects the radar imaging of high-frequency waves; conversely, excessively short waves should be aliased after sampling by the pixel array. Based on the dispersion relation, the accuracies of estimated directional spectra at higher and lower frequency bins are also affected if simultaneous tide and current data are deficient. Based on our buoy observations, most mean wave periods at our study site are approximately within the range of 5-10 s. Thus, most of the energetic components of ocean waves are within this period range. Our comparison confirms that the dominant wave directions estimated from specified frequencies of radar directional spectra demonstrate better agreement with the buoy results, whose period is approximately equal to 5-10 s.
We also investigated the estimation of local wave directions in the spatial domain based on a highly inhomogeneous wave case. Although there are a few unreasonable wave directions, which are attributable to slightly unclear wave patterns in the radar image, most estimated wave directions demonstrate good agreement with the wave crest patterns. Local wave directions estimated from radar data represent the features of refracted waves. Therefore, we conclude that the analysis of simultaneous records of sea surface echo intensities from a selected marine radar image pixel array is an effective method for obtaining information on the wave directions in an inhomogeneous sea area. 
